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INTRODUCTION  
The Master Thesis prosed in this manuscript is based on the compilation of the following scientific papers: 
 
 Fabregas, Xavier; Iglesias, Ruben; Aguasca, Albert, "A new approach for Atmospheric Phase 
Screen compensation in Ground-Based SAR over areas with steep topography," Synthetic Aperture 
Radar, 2012. EUSAR. 9th European Conference on , vol., no., pp.12,15, 23-26 April 2012 
URL: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6216921&isnumber=6215928 
 
 
 Iglesias, R.; Fabregas, X.; Aguasca, A.; Lopez-Martinez, C.; Alonso-Gonzalez, A.; Mallorqui, J.J., 
"Polarimetric optimization for DInSAR pixel selection with ground-based SAR," Geoscience and 
Remote Sensing Symposium (IGARSS), 2012 IEEE International , vol., no., pp.3122,3125, 22-27 
July 2012 
URL: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6350764&isnumber=6350328 
 
 
 Iglesias, R.; Monells, D.; Centolanza, G.; Mallorqui, J.J.; Fabregas, X.; Aguasca, A., "Landslide 
monitoring with spotlight TerraSAR-X data," Geoscience and Remote Sensing Symposium 
(IGARSS), 2012 IEEE International , vol., no., pp.1298,1301, 22-27 July 2012 
URL: http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6351300&isnumber=6350328 
 
 
 
The work proposed in this Master Thesis seeks to demonstrate that radar-based remote sensing techniques 
are as effective as the conventional geotechnical ones for the monitoring of landslides. Concretely, the work 
encourages the use of high-resolution X-band SAR data for the monitoring and efficient mapping of slow-
moving landslides using both, orbital and Ground-Based SAR sensors. Since landslides normally occur in 
vegetated areas, where the number of persistent scatterers can be low due to high temporal decorrelation, the 
processing can be benefited of the usage of high-resolution X-band data. Working at X-band has 
demonstrated its effectiveness for maximizing the chances of detecting persistent scatters coming from both 
man-made structures and natural targets such as rocky areas or bare surfaces. In this context, the high-
resolution spotlight mode of TerraSAR-X represents a perfect choice since it offers a fine resolution allowing 
a great improvement in these applications. On the other hand, an alternative and sometimes complementary 
strategy is based on the use of Ground-Based SAR sensors. The landslide of study in this work is ‘El Forn de 
Canillo’, in the Andorran Pyrenees, with well-know recent activity. In the following papers the 
implementation of several techniques is proposed to improve the DinSAR processing. The final objective is 
to compare the displacements results obtained with sliding spotlight TerraSAR-X data and those obtained 
with the X-band UPC’s GB-SAR sensor in order to make a cross-validation analysis.  
 
In the first paper a new model-based technique for the compensation of severe height-dependent 
atmospheric artifacts, using Ground-Based SAR data over mountainous regions, is proposed. The method 
presented represents an extension of already existing techniques, but now taking into account the effect of 
steep topography in the atmospheric phase screen compensation process. In addition, the technique is adapted 
to work with polarimetric SAR (PolSAR) data, showing in that case a noticeable improvement in the 
compensation process. In this framework, a ten zero-baseline fully-polarimetric data-sets have been acquired 
at X-band during a one-year measurement campaign (from October 2010 to October 2011) with the Ground-
Based SAR sensor developed at the Universitat Politècnica de Catalunya. Firstly, the impact of the severe 
atmospheric fluctuations among multi-temporal Ground-Based SAR measurements is carefully studied and 
analyzed. Hence, the need to correctly estimate and compensate the resulting phase-differences when 
retrieving interferometric information is put forward in the frame of Differential SAR Interferometry 
applications.  
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From all the available methods in the literature, the model-based solutions have proved to be very effective 
since they achieve a good performance with no extra meteorological data or stable GCPs. In this context, the 
linear approximation proposed in up to the date has proved to be sufficient in urban environments with soft 
topography, but not in mountainous regions. In such regions, the atmospheric artifacts are intense, deeply 
correlated with the topography and highly dynamic in time. For this reason, a generalization of the linear 
model-based method available up to the date, which perfectly works under steep topography areas, is 
presented in this paper.  
 
The second paper presents a study of the polarimetric optimization techniques in the frame of Differential 
SAR Interferometry. Historically, DInSAR techniques have been limited to the single-polarimetric case, 
mainly due to the unavailability of fully-polarimetric data. Lately, the launch of satellites with polarimetric 
capabilities, such as ALOS-PALSAR, RADARSAT-2 or TerraSAR-X, allowed merging polarimetric and 
interferometric techniques to improve the pixels’ phase quality and thus, the density and the reliability of the 
final DInSAR results. Since the UPC’s Ground-Based SAR has polarimetric capabilities this optimization 
polarimetric techniques can be applied in this framework. The relationship between the polarimetrically 
optimized coherence and the final DInSAR results is carefully analyzed using zero-baseline Ground-Based 
SAR fully-polarimetric data. DInSAR processing using polarimetric optimization techniques in the pixel 
selection process will be compared with the classical single-polarimetric approach, achieving a significant 
increase in the number of pixel candidates for its later DInSAR processing. 
 
Finally, the third paper is presented as a conclusion of the work carried out in the Master Thesis work. In 
this paper a fair comparison between orbital and Ground-Based SAR SAR data is put forward in order to 
make a make a cross-validation analysis of both sensors, highlighting its main advantages and drawbacks. 
The main objective of the paper is thus demonstrating that DInSAR techniques can be more effective as the 
conventional discrete geotechnical ones (extensometers, inclinometers, piozemeters, etc.) for hazard 
assessment applications, concretely, in the monitoring of landslides. DInSAR techniques provide wider 
coverage and better precisions of the area under study at a reasonable cost.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
COMPILATION 
OF 
SCIENTIFIC PAPERS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7
A new approach for Atmospheric Phase Screen Compensation in 
Ground-Based SAR over areas with steep topography 
Xavier Fabregas, Rubén Iglesias, Albert Aguasca 
Universitat Politècnica de Catalunya (UPC), Spain 
Abstract  
This paper proposes a new technique for Atmospheric Phase Screen (APS) compensation based on a 2D Multiple 
Regression Model (height-dependent) in Ground-Based Synthetic Aperture Radar (GB-SAR) to zero-baseline 
acquisitions over mountainous areas with steep topography. This technique has been applied in the mountainous 
environment of Canillo (Andorra) where there is an active landslide that nowadays is being reactivated coincid-
ing with strong rains. Data have been acquired at X-band using the GB-SAR sensor developed at the Universitat 
Politècnica de Catalunya (RISKSAR) in a one-year measuring campaign (October 2010 – October 2011). The 
need to compensate the phase-difference errors when retrieving interferometric information is discussed.  
 
1 Introduction 
GB-SAR [1], [2] Differential SAR Interferometry 
(DInSAR) is a remote sensing technique to subsi-
dence monitoring in which the high stability of the 
sensor platform, the lack of revisiting-time constrains 
and its high resolution possibilities are translated as a 
promising alternative to a satellite based solution 
when small scenarios are considered. The most rele-
vant decorrelation source for targets that exhibit stable 
phase behaviour in these types of data is the atmos-
pheric phase screen (APS) [3].  In order to apply any 
differential interferometric technique for the deforma-
tion map retrieval, the atmospheric effects must be 
compensated.  Section 2 describes the test site se-
lected for the field campaign. Section 3 shows how in 
areas with steep topographic variations, fluctuations 
of atmospheric parameters as temperature, pressure 
and humidity can be observed on the spatial domain 
for each acquisition mainly due to changes in height 
and how the assumption of atmosphere spatial homo-
geneity (constant refractivity index for the whole 
scene) fails. In view of all these evidences, a 2D 
height-dependent new model to estimate the APS is 
presented in section 4. Section 5 describes the first 
deformation results after applying the APS compensa-
tion with the new approach. 
2 Test Site description 
The Remote Sensing Laboratory (RSLab) in collabo-
ration with The Department of Geotechnical Engi-
neering and Geosciences of the Universitat Politèc-
nica de Catalunya (UPC) carried out a one-year meas-
uring campaign (October 2010 – October 2011) in the 
landslide of ‘El Forn de Canillo’, Andorra, using the 
polarimetric UPC GB-SAR sensor (RISKSAR) [4]. 
‘El Forn de Canillo’ is an ancient landslide with a 
complex movement that took place in more than one 
episode. Nowadays it is quite stable, with some resid-
ual movement. In the North-East extreme of the land-
slide exists a sector that is active [5]. 
3 APS analysis 
APS represents the major responsible for the severe 
phase fluctuations in the received signal and repre-
sents the major GB-SAR decorrelation source in 
measurements.  
In terms of its APS, the absolute phase of nth target 
using a monochromatic wave at frequency fc in the 
instant t is composed by its own backscatter phase φ0, 
by the propagation delay term proportional to the dis-
tance rn between the target and the sensor and a phase 
term due to the APS [6]. 
 
 0 ,
4( ) ( )cn n ATM n
ft r t
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The absolute delay of the backscattered wave at each 
range distance from the radar sensor can be expressed 
as the integral of the refractivity index along the 
space:  
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T 
hus, the differential phase we are interested in can be 
expressed under different atmospheric conditions at 
times t1 and t2 as follows: 
 
2 1 2 11 2 , ,( , ) ( ) ( ) ( ) ( )n n n ATM n ATM nt t t t t t          (3) 
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Under the assumption of atmosphere spatial homoge-
neity (constant refractivity index for the whole scene), 
the atmosphere artefact estimation consists of a linear 
range phase-ramp that can be theoretically described 
by just two parameters: an offset and a slope coeffi-
cient. The projection onto a range-line of the phase of 
all the pixels whose coherence values are higher than 
a reference threshold shows a linear behaviour due to 
the atmosphere spatial homogeneity. Under these 
conditions, the atmospheric phase screen contribution 
may be compensated with a regression-line estimator 
[7], [8]:  
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In scenes with steep topographic variations, fluctua-
tions of atmospheric parameters as temperature, pres-
sure and humidity can be observed on the spatial do-
main for each acquisition mainly due to changes in 
height (linear behaviour). This aspect introduces a 
second-order term in the differential interferometric 
phase which depends on the range distance and height 
(see Figure 1). The consequence is that now atmos-
phere spatial homogeneity cannot be considered and 
any linear model approximation solution fails.  
 
 
Figure 1:  APS measured in 1h Temporal Base Line 
(top). Range projection (bottom). Notice the quadratic 
behaviour of APS. 
In order to illustrate the linear behaviour of the refrac-
tivity index several meteorological measurement pro-
files of pressure, temperature and relative humidity 
were collected every second by a weather station 
along different spatial points with different heights of 
the hillside (see Figure 2). 
 
 
 
Figure 2: Spatial measurement profiles of height, 
pressure, temperature and relative humidity along the 
hillside. The colour scale represents the height along 
the hillside. 
Through the well-known relationship between the re-
fractivity index N and the temperature, pressure and 
humidity single simulations has been made showing 
the height-dependency and therefore the linear behav-
iour of N (see Figure 3). 
 
 
Figure 3. Linear approximation of refracitivity index 
N for meteorological measurement profiles of pres-
sure, temperature and relative humidity of Figure 2. 
Therefore, for small scenarios the refractivity index 
 
0( )
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can be approximated by the first two terms of Taylor 
series due to its linear behaviour in short distances: 
 
0 0 0 1( )N h N N h N N h        (6) 
4 MRM APS compensation 
Under these special conditions APS will have a 
term related with the range distance and a second-
order term related with the product of range dis-
tance with height.  
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This equation can be interpreted as the sum of two 
contribution terms. The first term increases linearly 
with range as in the case of spatial homogeneity and a 
second term appears with height-dependency. Finally, 
under different atmospheric conditions at times t1 and 
t2 the differential phase Δφ can be expressed as 
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where β0 is an offset that can appear between different 
campaigns measurements due to the change of initial 
conditions and  
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Therefore, the differential phase Δφ can be expressed 
for a single spatial point as a general lineal model [9]. 
Using an external DEM trough least squares it is pos-
sible to find a 2D Multiple Regression Model [9] (see 
Figure 4 and Figure 5) and, therefore, the APS can be 
estimated and compensated (see Figure 6). 
The APS will be compensated in the following way 
 

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Figure 4: 2D Multiple Regression Model.   
 
 
 
Figure 5:  APS and 2D Multiple Regression Model 
range projection. 
 
 
Figure 6: Zero Mean Compensated Differential Phase 
(top) and its range projection (bottom). 
Once APS has been compensated for each image of 
the same campaign, the estimation of the atmospheric 
phase artefacts in long time span zero-baseline GB-
SAR along different campaign acquisitions must be 
compensated with the minimum loose of coherence. 
In another hand, polarimetric measurements without 
increasing the temporal decorrelation effects during a 
single scan add extra information will provide higher 
densities to phase atmosphere estimation and removal 
between different campaigns measurements where the 
loose of coherence is higher.  
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5 Results 
The new approach of APS compensation has been ap-
plied to the long time span zero-baseline GB-SAR 
data acquired. First results show that nowadays the 
landslide has some residual movement (of the order of 
1.5 cm per year).  
Figure 7 shows an interferogram corresponding to the 
daily-averaged acquisitions of October 2010 and June 
2011 campaigns. In the figure are represented these 
points with a coherence greater than 0.85 using a 
Multilook 10x10. The stable zone is represented with 
blue colour and the maximum deformation is indi-
cated with the red colour representing a deformation 
of about 1.5 cm (differential phase increment of 2). 
Some profiles show that it might produce local slides 
for situations as big excavations, undermining by ero-
sion, important ascents of the groundwater level in 
extraordinary periods of rainfall. In the North-East 
extreme of the landslide of ‘El Forn Canillo’ exists a 
sector that nowadays is active and it is reactivated co-
inciding with strong rains with a maximum motion 
rate (see Figure 7).  
 
 
Figure 7:  Interferogram corresponding to the daily-
averaged acquisitions of October 2010 and June 2011 
campaigns.  
6 Conclusions 
In this paper, the effects in a monotonous area of at-
mosphere changes in the zero baseline GB-SAR 
measurements at X-band have been analyzed. Under 
steep topography areas conditions atmosphere spatial 
homogeneity cannot be considered and any linear 
model approximation solution fails. A coherence-
based 2D Multiple Regression Model high-dependent 
procedure for the removal of the deriving phase arti-
facts has been proposed and tested in real data. The 
acquisition time has turned out to be the key factor in 
the GB-SAR acquisitions: it must be reduced as much 
as possible to guarantee the medium homogeneity hy-
pothesis and to model the distortion phenomenon. 
Otherwise, the atmosphere instability can prevent this 
condition to be fulfilled and lead to unpredictable and, 
sometimes, not removable distortion effects. 
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POLARIMETRIC OPTIMIZATION FOR DINSAR PIXEL SELECTION WITH GROUND-
BASED SAR  
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ABSTRACT 
 
In this paper, the study of polarimetric optimization 
techniques for Differential SAR Interferometry (DInSAR) 
applications is analyzed. This work has been carried out in 
the framework of deformation map retrieval on landslides. 
A large number of landslides occur on vegetated areas with 
a poor density of temporal coherent scatterers, which are 
characterized by a fast decorrelation at X-band. The 
objective of the techniques proposed in this paper is to 
increase the number of temporal coherent scatterers to 
improve the robustness of the DInSAR algorithms 
exploiting the polarimetric capabilities of data. The 
relationship between optimum coherences and its 
corresponding phase quality in terms of DInSAR 
application is analyzed using Ground-Based SAR zero-
baseline fully-polarimetric data.  
 
Index Terms— DInSAR, GB-SAR, Polarimetric 
Optimization 
 
1. INTRODUCTION 
 
The main factors limiting the performance of any advanced 
Differential SAR Interferometry (DInSAR) technique are 
the number of trustful points within the monitored area and 
the quality of the corresponding phase information. Two 
main criteria are available in the literature for the estimation 
of the pixels quality: the amplitude dispersion and the 
coherence stability. In the first case, the quality of the phase 
information along the whole interferograms stack is 
associated to the amplitude dispersion index DA [1]. The 
second approach assumes ergodicity and spatial 
homogeneity of the scattering process estimating the 
accuracy of the interferometric phase information through 
the coherence estimation of each pair of data-sets [2] [3]. 
Essentially, the higher the interferometric coherence (or the 
low amplitude dispersion) the less noisy the phase. Owing 
to the lack of long-time collections of orbital PolSAR data 
(with the exception of RADARSAT-2), the mathematical 
formulation of the techniques implementing both criteria is 
practically limited to the single-polarization case. In this 
paper, it is studied the potentials of polarimetric 
optimization, in the frame of coherence stability criteria, in 
order to enhance the density and quality of the deformation 
process retrieval. A comparison of the three available 
methods [4] [5] [6] in the literature, when applied to zero-
baseline PolSAR acquisitions with the UPC’s GB-SAR, will 
be performed.  
 
2. TEST SITE DESCRIPTION 
 
The Remote Sensing Laboratory (RSLab) of the Universitat 
Politècnica de Catalunya (UPC) carried out a one-year 
measuring campaign (October 2010 – October 2011) in the 
landslide of ‘El Forn de Canillo’, Andorra, using the 
polarimetric UPC GB-SAR sensor (RISKSAR) [7] [8] [9]. 
‘El Forn de Canillo’ is an ancient landslide with a complex 
movement. Nowadays, it still has some residual movement. 
The North-East extreme of the landslide presents a sector 
that is still active and it is reactivated coinciding with strong 
rains. 
 
3. POLDINSAR OPTIMIZATION 
 
3.1. General formulation 
 
The polarimetric information associated to each pixel of the 
scene is represented by the scattering matrix [S]. The 
scattering vector k

, for each resolution element, is obtained 
as a vectorization of [S] 
 
 1 , , 2
2
T
HH VV VV HH HVk S S S S S  

 
(1) 
 
From all possible basis, the Pauli’s basis is the most 
used because it allows a direct interpretation of data in 
physical terms. Let 1pk

and 2pk

 be the scattering vectors of 
two PolSAR data-sets acquired at two different times. In 
order to obtain the scattering information for a specific 
combination of Tx/Rx polarizations, the Pauli vector is 
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projected onto the scattering mechanism .i piS u k
 
. At this 
point, the objective for the optimization process is to find, 
for each pixel of the fully-polarimetric data-set of 
interferograms, the projection vector iu
  that result in a 
maximum coherence. 
Due to the lack of spatial base-line in the GB-SAR 
measures the interferometric phase is independent of the 
polarization of the incident wave. Therefore, once the 
atmospheric phase screen (APS) is compensated, the 
optimization methods can be applied for each pair of images 
individually to derive the optimized interferograms. This 
optimized interferograms will be the input for the DInSAR 
processing. 
 
3.2. Optimization methods 
 
The first approach to improve the quality of the differential 
phase consists of selecting the polarimetric channel 
providing the highest coherence for each interferogram. To 
avoid the risk to select different phase centers, the 
polarization mechanism needs to be the same for each pair 
of images that forms the interferogram. This method is 
referred in the following as High. The High optimized 
interferogram is given by 
 
 ˆ ˆ ˆ ˆ( , ) max ( , ), ( , ), ( , )HIGH HH HV VVx y x y x y x y     (2) 
 
Despite the significant improvement in the phase 
quality and in the number of pixel candidates, to DInSAR 
pixel selection applications, the previous approach does not 
completely exploit the potentials of polarimetry. The next 
methods look for exploiting the polarimetric information in 
a more efficient way through the combination of the 
different polarimetric channels.  
Under the hypotheses of spatial homogeneity and 
egordicity, it is possible to define the 6×6 PolInSAR 
Coherency complex matrix  6T  
 
        
1
11 121 † 2†
6 †2
12 22
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P
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T k k
k T
                 
(3) 
 
where   denotes the spatial multi-look, †  the 
Hermitian transformation, T11 and T22 are the coherence 
matrices of each PolSAR acquisition and Ω12 is the 
interferometric matrix between the two acquisitions.  
The aim is to find two scattering mechanisms iu
 , ju
  
that optimize the complex differential coherence defined by 
 
       † † †12 11 22,i j i j i i j jij u u u u u T u u T u          (4) 
 
Two polarimetric coherence optimization approaches 
are available in the literature. The first one [4] uses the 
Lagrangian multiplier technique to solve the optimization 
problem. This method allows the choice of two different 
mechanisms, i ju u  , therefore, it is referred as Different 
Scattering Mechanisms (DSM). This approach is discarded 
in PolDInSAR applications since the choice of different 
scattering mechanisms between the two images of the 
interferogram may lead to a change in the phase center. On 
the other hand, the method proposed in [5] forces both 
scattering mechanism to be identical i ju u   and it is 
referred as Equal Scattering Mechanisms (ESM). The 
estimated complex differential coherence is, under this 
approach, given by:  
 
        † † 11 2212, 2i i i i ii ESM T Tu u u u u      
    
 
(5) 
 
It is worth to note that the solution is obtained using an 
iterative algorithm since the maximization problem cannot 
be solved analytically [5]. It should be highlighted that this 
optimization method presents some restrictions as not all the 
points could be optimized to PolDInSAR applications. This 
algorithm is only valid under the hypothesis of polarimetric 
stationary, i.e., T11 and T22 are similar. When this hypothesis 
does not apply, the optimized differential phase may be 
affected by this difference and the optimization process may 
have no sense. The similarity measure employed to evaluate 
the difference between the T matrices from both 
acquisitions is the symmetric revised Wishart dissimilarity 
[8] 
 
         -1 -111 22 22 11 6d tr T T tr T T      (6) 
 
The higher the Wishart distance the greater the 
polarimetric change between the temporal acquisitions. 
Fig.1 shows an example of the limitations of this 
polarimetric optimization technique in a pixel corresponding 
to a stable area with a high Wishart distance. Notice how 
the region of coherence, the area including all the possible 
complex coherence values given by the whole set of 
u

vectors, is spread in a high possible range of 
interferometric phases. In this case, the optimization leads to 
an erroneous phase, since its final optimized phase moves 
away from the single polarimetric ones.  
 
ESM solution
High phase 
variation
RC
 
 
Fig.1. RC of ESM optimization in a pixel with a high Wishart distance.  
HV 
VV 
HH 
Coh to each pair of w 
ESM optimal solution 
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To minimize this problem an alternative method, which 
is explained in [6] [9], is proposed. It is based on the 
assumption that i ju u   as ESM, but contrarily, it solves the 
coherence optimization problem in a closer way to a 
physical interpretation. This fact leads to a significant 
reduction of the outliers produced when the polarimetric 
stationary does not apply. The algorithm is based on 
sweeping all the possible combinations of ellipticity and 
orientation angles (ψ,χ) at the level of the scattering matrix 
[S] that defines the polarization state of the propagating 
wave. Finally, the technique looks for the polarization basis 
transform providing the highest value among all the co-
polar and cross-polar coherence values: 
 
     ,max , , ,SOM xx xy            (7) 
 
where xx and xy are the co-polar and cross-polar 
channels to a (ψ,χ) based polarization transformation, 
respectively. Since no statistical hypothesis is assumed 
about the scattering matrices [S1] and [S2], the solution 
corresponds indeed to the highest coherence achievable with 
the constraint of i ju u  for the entire possible basis. In fact, 
this method is a subspace of the ESM commented 
previously and, for this reason, this method is referred as 
Suboptimum Scattering Mechanism (SOM). The main 
drawback of this technique is its computational load.  
 
3.3. Average Coherence Comparison 
 
Once the APS is compensated, the different optimization 
methods commented previously are integrated in the GB-
SAR interferometric chain. The final averaged differential 
interferometric coherence for the different methods is 
presented in order to illustrate the improvement achieved 
(see Fig. 2 and Fig. 3).  
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Fig. 2. Average interferometric coherence. 
 
The comparison between the different methods reveals 
that the ESM and SOM techniques are the most efficient for 
DInSAR applications since they provide the greater 
coherence improvement. With polarimetric capabilities the 
pixel selection candidates to deformation map retrieval will 
be improved significantly. 
(a) (b) 
 
(c) (d) 
 
Fig. 3. Average interferometric coherence corresponding to the daily-
averaged acquisitions campaigns. 
 
4. GB-SAR POLDINSAR RESULTS 
 
The retrieval of the linear velocity of the landslide has been 
done through the Coherent Pixels Technique (CPT). The 
CPT has been widely used for monitoring subsidence 
episodes in different kind of scenarios [11].  The coherence 
stability method has been used to perform the pixel 
selection. The pixel candidates will be those presenting a 
coherence value above a threshold (0.7) in a certain 
percentage (90%) of the interferograms. A 10x10 multi-look 
window has been used. The coherence threshold selected 
corresponds to a phase standard deviation of 5º. 
The results reveal the goodness of using polarimetric 
optimization algorithms in DInSAR pixel selection. With 
the polarimetric exploitation it is possible to reach an 
improvement in quality as well as in density in the retrieved 
differential deformation map (see Table 1).  
 
TABLE 1
NUMBER OF RELIABLE PIXELS SELECTED
METHOD NUMBER OF PIXELS
HH 17553
HV 11638
VV 18280
High 30345
SOM 45758
ESM 53095
 
Table. 1. Number of reliable pixels selected from the different methods. 
 
In Fig. 4 the final DInSAR velocity map is presented 
for the different methods. Notice how the global behaviour 
is identical for all the methods while the density is increased 
in a spectacular way showing the usefulness for the different 
approaches. Despite this, there are some outliers (white 
arrows in Fig. 4 (d)) in the ESM optimization method due to 
the wrong-optimized high-Wishart distance points. As it has 
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been commented before, it is needed a pre-filtering to avoid 
applying the ESM optimization approach in these points 
where polarimetric stationary assumption does not apply. 
As it was expected, the first results show that nowadays 
the landslide presents some residual movement (on the order 
of 1-1.5 cm per year). Some profiles show that it might 
produce local slides for particular situations as big 
excavations, undermining by erosion or important ascents of 
the groundwater level in extraordinary periods of rainfall. In 
the top-left extreme of the landslide of ‘El Forn Canillo’ 
exists a sector that is still active and it is reactivated 
coinciding with strong rains with a motion rate of 2-2.5 cm 
per year (see Fig. 4).  
The improvement in the number of pixel candidates and 
in their phase quality provides a major robustness in the 
whole DInSAR processing.  
 
 
(a) (b) 
 
 
(c) (d) 
 
Fig. 4.  Lineal velocity retrieved form the daily-averaged acquisitions from 
October 2010 to November 2011 campaigns, HH (a), High (b), SOM (c), 
ESM (d).  
 
5. CONCLUSIONS 
 
The different coherent optimization algorithms have been 
tested with real GB-SAR fully-polarimetric data. Results 
show a significant improvement in the number of pixel 
candidates selected with respect to the single-polarimetric 
case. This is of crucial importance in high mountain 
landslides that present low-coherence areas with a poor 
density of coherent scatters. Thanks to the polarimetric data 
it is possible the exploitation of a larger number of pixels 
compared with the single polarization case. This fact 
provides a major robustness in DInSAR algorithms. In the 
future the use of these polarimetric optimization techniques 
to the amplitude dispersion pixel selection method will be 
explored. 
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ABSTRACT 
 
This paper aims to demonstrate that radar-based remote 
sensing techniques can be as effective as the conventional 
geotechnical ones for the detection and monitoring of well 
suited areas. Many of the high mountain landslides are 
vegetated areas that decorrelate faster at X-band. As in these 
scenarios the number of coherent scatterers is low and, in 
addition, the area of interest is usually small, the processing 
can be benefited of the usage of high-resolution data. This 
will maximize the chances of detecting persistent scatters 
coming from both natural targets and man-made structures. 
The high resolution Spotlight mode of TerraSAR-X is thus 
the perfect choice as it offers a fine resolution. On the other 
hand, its 11 days of revisit time and X-band carrier allows 
the monitoring of small variations in the landslide trend and 
deal with its variable dynamics.  
 
Index Terms— Landslide, DInSAR, Spotlight, 
TerraSAR-X, GB-SAR 
 
1. INTRODUCTION 
 
Differential SAR Interferometry (DInSAR) algorithms have 
shown their utility in the frame of deformation map 
monitoring with millimetric precisions during the last 12 
years. On the other hand, landslide instabilities is a growing 
problem in many mountainous areas. The development of 
early warning systems and remote sensing monitoring tools 
is required in order to ensure the safety of people affected 
by this problem.  
In this paper it is proposed the study of a well-known 
landslide with high-resolution orbital data coming from 
TerraSAR-X and Ground-Based radar (GB-SAR) data in 
order to show the feasibility of radar-based remote sensing 
techniques. We are going to focus on the study of the 
landslide ‘El Forn de Canillo’, in Canillo (Andorra) with 
known recent activity. This landslide has been instrumented 
with the support of the Andorran administration and it is 
currently being studied from a geotechnical point-of-view.  
The paper is structured as follows. In section 2 it is 
described the test-site area of ‘El Forn de Canillo’ and the 
available data. Section 3 shows the main steps in order to 
adapt the interferometric chain to the particularities of the 
Sliding TerraSAR-X Spotlight mode. Finally, in section 4, it 
is performed a comparison between results derived from 
both TerraSAR-X and UPC’s GB-SAR data covering one 
year of monitoring. In section 5 the conclusions are 
exposed.  
 
2. TEST-SITE AND DATA SET DESCRIPTION 
 
 ‘El Forn de Canillo’ is an ancient landslide with a complex 
movement that constitutes one of the biggest landslides of 
the Pirenaic area. Nowadays it has some residual movement 
(of the order of 1-2 centimeters per year). Some profiles 
show that it might produce local slides for situations like big 
excavations, undermining by erosion or important ascents of 
the groundwater level in extraordinary periods of rainfall 
[1]. 21 Sliding Spotlight TerraSAR-X images have been 
ordered in the period November 2010 – November 2011 in 
order to obtain a complete spatial coverage study of the 
landslide. At the same time the Remote Sensing Laboratory 
(RSLab) in collaboration with the of Geotechnical 
Engineering and Geosciences Department of the Universitat 
Politècnica de Catalunya (UPC) carried out a one-year 
measuring campaign  using the polarimetric UPC’s GB-
SAR sensor (RISKSAR). A total of 10 daily-averaged 
images have been collected with a temporal baseline of 
approximately one month covering the same period of one 
year. For both sensors, the winter period was not covered to 
avoid problems with the snow. 
 
3. SPOTLIGHT TERRASAR-X  
 
Compared with conventional geotechnical techniques the 
use of SAR data in this kind of studies has demonstrated to 
present several advantages. A wider coverage of the area 
under study can be obtained at a reasonable cost in 
opposition to the discrete point measurements supplied by 
the expensive instrumental techniques. A quite continuous 
monitoring of the area of interest can be achieved due to the 
short revisiting time of TerraSAR-X (11 days).  Finally, 
thanks to its high resolution (1.1 m in azimuth and 1.2 m in 
slant-range [2]), the Spotlight mode allows detecting small 
persistent scatters. These are natural corner reflectors and 
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man-made structures within vegetated areas leading to a 
robust network of coherent pixels. 
First of all, the adaptation of the interferometric 
processing chain to the particularities of the high resolution 
Sliding Spotlight mode is presented. The azimuth resolution 
of a SAR image is mainly determined by the characteristics 
of the azimuth radiation pattern of the antenna. In the 
conventional strip-map mode the resolution is roughly half 
the azimuth length of the antenna. For this mode the 
processing parameters, the Doppler centroid and the 
Doppler rate, are azimuth invariant. To achieve better 
azimuth resolutions, obviously, the antenna length cannot be 
arbitrarily reduced without the risk of causing azimuth 
and/or range ambiguities [3]. Therefore, in the Sliding 
Spotlight mode the antenna pointing is constantly steered to 
keep the radar footprint illuminating a fixed spot on the 
ground during a time period longer than the conventional 
SAR aperture interval achieving thus an enhancement in the 
azimuth resolution. This steering of the antenna causes that 
both the raw data and the focused image present a 
systematic Doppler centroid drift in azimuth direction. The 
drift rate fDR of the azimuth image spectrum along the 
azimuth time (see fig. 2 (a)) is calculated from the Doppler 
values and their zero-Doppler time differences of the first 
and last azimuth time of the focused scene by the following 
expression [3]: 
 
, ,
, ,1
DC n DC n
DR
DC n DC
f f
f
t t
   
(1) 
 
where fDC,1 and fDC,n are the first and the last Doppler 
annotated values and tDC,1 and tDC,n their correspondent zero-
Doppler corrected times. 
This characteristic must be taken into account in the 
following interferometric processing chain steps: co-
registration, resampling and, when applied, common band 
filtering (see Fig. 1).  
 
 
 
Fig.1. Sliding Spotlight interferometric processing chain. 
Due to the drift rate of the azimuth spectrum, on the 
one hand, the center frequency of the interpolation kernels 
in azimuth should consider the Doppler or, on the other 
hand, images have to be base-banded adequately [3].  
First of all, each azimuth line must be demodulated 
with the following chirp function parameterized with drift 
rate: 
 
2( )( ) start DRj t t fc t e    (2) 
 
Once the drift rate is removed, the spectrum is centered 
on the start Doppler value (see fig. 2 (b)). The base-banding 
is then performed as in the traditional strip map case 
multiplying the image in the spatial domain by a phase ramp 
in azimuth parameterized with the zero-Doppler start value 
(see fig. 2 (c)).  
(a) 
 
                     (b)                                               (c) 
 
Fig. 2. (a) Wrapped Doppler Spectrum along azimuth time of focused SLC. 
Wrapped spectrum after deramping (b) and base-banded final spectrum (c).   
 
Fig. 3 shows how, thanks to the high resolution 
Spotlight mode, the coherence is preserved along time in the 
natural corner reflectors and man-made structures detected. 
 
(a) (b) (c) 
 
   
 
Fig. 3. (a) High-Resolution Spotlight SLC of ‘El Forn de Canillo’. (b) 
Coherence, temporal baseline (11 days). (c) Coherence, temporal baseline 
(1 year). 
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For the DInSAR processing 21 Sliding Spotlight 
TerraSAR-X images in the period November 2010 - 
November 2011 have been used.  
The retrieval of the linear velocity of the landslide has 
been done through the Coherent Pixels Technique (CPT). 
The CPT has been widely used for monitoring urban 
subsidence [4] and it could work with both coherence and 
amplitude stability criteria to obtain a temporary coherent 
network of reliable pixels. The coherence estimator has 
been used to perform the pixel selection with a 5x5 multi-
look window. A threshold of 0.6, which corresponds to a 
phase standard deviation of about 20º, has been set. 
Fig. 4 shows the linear velocity retrieved of the 
landslide. Thanks to the high resolution Spotlight mode 
small point scatters and important details in the image 
(natural corner reflectors as bare surfaces and man-made 
structures as buildings and roads) have been selected. This 
aspect is of crucial importance, without a high resolution 
processing it had been impossible to achieve a robust 
network of coherent pixels and high-quality. 
 
 
 
 
Fig. 4: Linear velocity of ‘El Forn de Canillo’ from two different points of 
view. 
 
A global analysis reveals, as it has been expected, that 
nowadays the landslide has some residual movement of the 
order 1.5 of centimeters per year. It has also been 
discovered the presence of local landslides that are being 
reactivated in periods of strong rainfalls.  
In the top-left side of the landslide (see top of Fig. 4) 
there is a sector that presents a higher activity (~2.5 cm/y). 
Concretely, it corresponds to the well-known secondary 
landslide of Cal Ponet  that is activated during the period of 
snow merge and major rainfall frequency (in May and June, 
2009 deformations have been observed with rates of  2-3 cm 
/ month) [1]. The Northern part the landslide reveals a 
higher activity (~2.5 cm/y) not known up to date.  
In a further work, the Department of Geotechnical 
Engineering and Geosciences of the UPC will perform an 
exhaustive interpretation, explanation and modeling of the 
behaviour of the whole landslide with the help of in-situ 
measures (inclinometers and extensometers). 
 
4. COMPARISON WITH GB-SAR DATA 
 
Unlike most of the other GB-SAR systems available in the 
remote sensing scientific community, which are based on a 
Vector Network Analyzer (VNA) for the linear stepped 
frequency sweeping of the transmitted signal bandwidth, the 
UPC’s CW-FM [5] [6] radar is based on a Digital Direct 
Synthesizer (DDS) chipset that generates it at once. This 
kind of solution allows performing extremely fast PolInSAR 
measurements with no increase of the temporal 
decorrelation effects during the image acquisition. The 
processing algorithm consists of two mains steps: the 
deramped raw data are first range-compressed by a fast 
Fourier transform and then focused in the cross-range 
direction with a backprojection algorithm [5]. The range 
resolution is 1.25m and, as in all GB-SARs, the cross-range 
resolution is not constant (ranging from 0.75m at near range 
up to 6m in far range).  
As in the orbital data, the retrieval of the temporal 
evolution of the deformation is obtained through the 
Coherent Pixels Technique (CPT). Only those points with 
coherences greater than 0.7 have been used in the pixel 
selection.  In the pixel selection step it has been taken into 
account the potentials of polarimetry selecting for each pixel 
the polarimetric channel providing the highest coherence for 
each interferogram. A 5x5 multi-look  has been used again. 
Due to the azimuth resolution loss in range and the hard 
atmospheric artifacts in this kind of mountainous areas in 
the far-range it has been processed a reduced area of 1600 
m in range and an aperture of 60 degrees. 
Fig. 5 shows the deformation map of the landslide from 
the same point of view and with the same scale for both 
sensors: TerraSAR-X (top) and GB-SAR (bottom). There is 
a good correlation between the results of both sensors.  
The GB-SAR is thus presented as an alternative 
solution, in some cases complementary, in order to focus on 
details of smaller scale phenomena and with an adjustable 
temporal sampling. In a continuous mode it works as an 
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efficient early warning system. Despite this, for these kind 
of slow movements, TerraSAR-X revisiting time is enough 
to avoid decorrelation and unwrapping problems. On the 
other hand, TerraSAR-X data provided a wider coverage 
that it is useful to provide a global understanding of the 
landslide evolution. 
 
 
 
 
Fig. 5:  Linear velocity of ‘El Forn de Canillo’ obtained with TerraSAR-X 
(top) and with GB-SAR (bottom). 
 
 
5. CONCLUSIONS 
 
In order to process spotlight data some modifications have 
to be implemented in the standard strip-map interferometric 
chain. The co-registration, resampling and filtering have 
been adapted to the spectral particularities of Sliding 
Spotlight data. Image details such as man-made structures 
can be detected better with this kind of images and it 
constitutes an advantage in the monitoring of landslides 
located in vegetated areas where a priori a reduced number 
of coherent scatters can be expected. 
A comparison with results derived by using GB-SAR 
images have been also performed showing a good 
correlation between results obtained with both sensors. A 
possible synergy between results, or even intermediate 
products, will be explored. 
The Department of Geotechnical Engineering and 
Geosciences of the UPC will carry out the geological 
analysis and interpretation of the results making a cross 
comparison of the radar deformation maps with in-field 
measurements (inclinometers, extensometers). For this 
purpose, a time-series analysis will be performed in order to 
correlate the deformation with the major periods of rainfall. 
These comparisons will help to evaluate the potentials and 
limitations of the high-resolution SAR data in the 
monitoring of landslides as well as the precision of the 
retrieved results. 
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